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I.  BACKGROUND

This research program was initiated on December 1, 1981 with the
objective of determining Tlateral forces on artificial 9dslands and
offshore structures which are subjected to moving sea ice. This was
particularly oriented towards the exploration and development of Arctic
0il and gas deposits in the Beaufort, Chukchi, and Bering Seas. The
National Petroleum Council report of 1981 estimated that there is a
risked mean value of 30.8 billion barrels of 0il equivalent to be found
in  these ice-infested Alaskan offshore regions, encompassing
approximately 262 million acres. Origination of the support for this
work was with the U.S. Department of Interior, Minerals Management
Service, and technical monitoring and contracting of the work was
conducted by the US Army Cold Regions Research and Engineering
Laboratory. Contract No. DACA89-82-K-0001 spanned the first year of
effort on this research subject, and continuation Contract No.
DACA89-83-K-0004 spanned the second year of research effort on this
subject.  This final report should be considered as a report of
activities on both of the Tlinked contracts, and should serve as final
report for both contracts.

The approach which was taken in the research study reported here
was to measure the ice stress at relatively Tlarge distances from
offshore  islands, to measure the dice lateral displacement
simultaneously, and from the effective island width during ridgebuilding
events (which represent intervals of high lateral force on the island
structure) the total force on the offshore island or structure was to be
calculated using an integration technique. Information obtained from

this study was intended to be applied in the process of certification of
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proposed designs for Arctic offshore islands and drilling structures,
under the Minerals Management Service mandate for application of best
available and safest technology.

The earliest offshore oil platforms in Cook Inlet, Alaska, were
designed to withstand a pressure of 2070 kPa (300 psi) from the forces
of moving sea ice. Instrumented structures in Cook Inlet have been
subject to Tloadings of up to 1030 kPa (150 psi). An dinstrumented
Tighthouse in the Gulf of Bothnia haé detected local ice pressures of as
high as 2500 kPa (363 psi), but at the inception of this study there
were no instrumented artificial structures available in the Alaskan
Beaufort Sea which could be used to determine effective ice pressures at
the boundary of the structures. At the inception of this program, a
review of the strength of annual and multi-year ice was conducted, and
the accepted technical practices for calculation of total ice force on
an offshore structure were also reviewed. A review was also conducted
of the measurements which had been made during the interval 1976-1981 of
stresses in sea ice near artificial islands and natural islands.

As was pointed out in the first quarterly report, instrumentation
of the ice sheet leads to a sequence of Tlocal readings of ice stress
which can be affected by local varjations in stress concentration due to
cracks in the ice sheet or the irregularities in the boundary of the
island or fixed structure. In order to avoid this type of problem, the
experimental approach taken in this research program involved
instrumenting the ice sheet at a distance several diameters away from
the island, so that a fewer number of ice stress sensors could be used
and a vreasonably continuous distribution of ice stress could be

expected. Ice stresses at greater distances from an island are expected



to be quite Tow, far below the failure stress, since failure obviously
occurs at the island boundary first. However, the average stress at
large distances from the island does translate into the total force upon
the island by means of the complex transfer of stresses through the
cracked and nonuniform ice rubble near the island. Deployment of
sensors at great distances from an island involves either very long
signal cables or telemetry links; the telemetry approach was employed in
the research study which was undertaken.

The instrumentation which was designed for this study was to
measure the ice stress, the ice sheet movemert, together with the
environmental conditions of windspeed and direction. A detailed
discussion of the instrumentation can be found in the First Quarterly
Report (Ref. 1). The uniaxial stress sensor, which was chosen for use
in this study, is a stiff sensor which produces a stress concentrétion
factor and which has a transverse sensitivity when embedded in the ice
sheet. A discussion of the theory needed to interpret results from such
a uniaxial stress sensor array was presented in detail in the Second
Quarterly Report (Ref. 2). Also in the Second Quarterly Report is a
discussion of the theory required for the interpretation of the results
from a new ring strain gauge, which was introduced into the experimental
program in order to provide for greater sensitivity, and to try to
develop a localized relation of stress versus strain in 3 dimensions,
for the sea ice at the site of the gauge installation.

The time allowed for fabrication of the experimental system,
beginning with the inception of the contract on December 1, 1981, was
not adequate to permit installation during winter 1981-82, so that

installation was deferred until winter 1982-83. The additional time



available made it possible to consider several options for ice movement
detection, including ranging systems which use fixed points of land as
references, as well as bottom-reference systems using anchor cables. It
was finally decided in 1982 to construct a bottom-reference dce
positioning system, inasmuch as the expected movement of ice in the
vicinity of an artificial island was expected to be small. Although
attempts were to be made to measure ice stresses in active zones, it was
not possible to arrange for such experimental activity in the Canadian
Beaufort Sea adjacent to the Dome Petroleum Company Single Steel
Drilling Caisson (SSDC), and so the winter 1982-83 insfaliation was done
in the vicinity of Shell 0i1 Company's Seal Island just northwest of
Prudhoe Bay, Alaska.

During the 1982 interval, a paper was presented by Dr. J. B.
Johnson entitled, "A Surface Integral Method forkCa1cuiating Ice Loads
on Offshore Structures from In-Situ Measurements", (Ref. 3), which is
presented as Appendix 1 of the Third Quarterly Report, (Ref. 4). During
the interval September to December 1982, a considerable amount of
electronic development effort was devoted to the construction and test
of a ice movement system, including a direct digitally-modulated
transmission signal derived from the shaft of -the digital shaft encoder.
The adaptation of a computer data acquisition system formerly used for
seismic measurements was also a major effort during the fourth quarter,
as described in the Fourth Quarterly Report, (Ref. 5).

 As described in the research continuation proposal of November
1982, it was intended that ice stress and ice movement measurements
would be made around an artificial island in the Beaufort Sea during

winter 1982-83. It would have been optimum if the dice stress



measurement system could have been installed in a location where
considerable ice activity was taking place early in the winter 1982-83.
Arrangements were sought with Dome Petroleum Ltd. of Calgary, Alberta,
to install the instrumentation in the vicinity of the Single Steel
Drilling Caisson (SSDC) during winter 1982-83. Permission was not
obtained from Dome Petroleum management to make this installation, and
this alternative therefore was ruled out in January 1983. The option of
making the installation in the vicinity of the Shell 0i1 Company's Seal
Island just northwest of Prudhoe Bay, Alaska, was continually  under
serious consideration, and it was therefore obvious in February 1983
that the installation at the Shél] 0i1 Company Seal Island represented
the only viable a]ternative.w (The Gulf 0i1 Canada caisson-retained
island Tarsuit was instrumented during this period under the terms of a
Joint industry proprietary project and was possibly available as well,
but practical difficulties of obtaining concensus permission plus
Togistics of deployment both weighed against this option at that time).
After a three month oberationa? gap between contracts, the Contract
No. DACA89-83-K-0004 was- initiated on March 1, 1983, and deployment at
Seal Island took place on March 5, 1983. The installation was completed
by March 11, 1983 as described in detail in the Fifth Quarterly Report
(Ref. 6). As is described in detail in Reference 6, the ice ridging
which had taken place early in the winter was concentrated on the
northwest side of Seal Island, with smaller, more widely distributed ice
ridges prevalent on the northeast side. Inasmuch as the dominant
direction of the winds for the interval March through May for this
region of the North Slope come from the northeast and east, it was felt

that the most Tlikely direction for ice movement would be from the



northeast corresponding to the average movement of ice in the Beaufort
Gyre. Hence the decision was taken to Tocate the array of instruments
on the northeast side of Seal Island. Three separate stations were
deployed, as shown in Figure 1. The central station, Site S3, was
located 570 m from the center of Seal Island. The central station
contained three uniaxial stress sensors oriented in a rosette, as well
as nine strain sensors and a two-channel ice movement station. Stations
S1 and S2 each contained three stress sensors in a rosette. The ice
sheet thickness was 180 cm and the water depth was 10.16 m at site S3.
From the small freeboard of the light ice ridges surrounding ail three
stations, it was cbvious that the ice sheet was definitely not grounded
in the vicinity of the installation. It was therefore felt that a
significant wind from the northeast would result in additional ice
ridging at the boundary of the rubble near the island, and that there
was a high probability of recording the ice stress distribution during
such a severe weather event. All data was telemetered back to the
island, where it was digitized and recorded on magnetic tape for
subsequent analysis.

As indicated in the Fifth Quarterly Report, the ice salinity
profiles ranged from 8 to 12 /00 at the surface to about 4 /00 at the
90 cm depth. This is typical of annual ice which has formed by freezing
in place throughout the winter season. Duration of the experimental
period was 50 days, from March 11 to April 30, 1983. Although it was
originally intended to attempt to maintain fhe system for a longer
interval in May, it was not possible to do so because of the abnormally
warm weather which was causing a rapid deterioration of the ice road

leading to Seal Island. Mid-way into the experiment, it was necessary
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from the logistics standpoint for Shell 0i1 Company to move the
instrument building from the island surface location to a new location
on the ipe sheet adjacent to the jsland. When the ice road began to
deteriorate, Shell personnel had to move the instrument building back to
the shoreline, and thus the experiment was terminated. The heat
generated in each strain gauge bridge was beginning to cause some brine
accumulation around each of the uniaxial géUges at this time, implying
that decoupling of the ice stress gauge from the ice sheet at the -6°C
temperature was imminent.

As described 1in the Fifth Quarterly Report, some 16 tapes of
digital data were collected during the 50 day interval ‘and  were
subsequently analyzed.

During the interval May through Ju]y_1983, additional Tlaboratory
calibrations were conducted by Dr. J. B. Johnson for the uniaxial
gauges. In particular, the stress concentration factor was determined
as a function of angle of orientation between the axis of the gauge and
the applied stress. The results of his calibration experiments are
described in great detail in Appendix A of this report, a manuscript of

which has been submitted for publication to the Journal of Energy

Resources Technology.

II. DATA ANALYSIS

Examination of the 16 digital tapes of data collected during the
experimental period revealed that the ice stress changes did not exceed
0.7 psi during any of the time interval when data was being recorded.
. This observed change represented five incremental units of ice stress,
as the resolution Timit of the ice stress instrumentation system was
0.15 psi. The typical sort of trace obtained from analysis of the ice
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stress record 1s‘shown in Figure 2. From the analysis of this data, it
must be concluded that there were no intervals of high ambient ice
stress produced by nature during the period of active data collection.
In spite of this, there were some intervals when the more sensitive
strain gauges were showing peculiar strain deformations in the ice on
several channels simultaneously, but it }has not been possible to
determine the causes of these very low levels of strain. Fiéure 3
illustrates the data recorded on some of the strain channels at such low
levels. [Inasmuch as detailed interpretation of the Tow level strains in
the ice would very likely not contribute to the ultimate objective  of
the contract, which was to determine ice stress levels in the vicinity

of offshore islands, further analysis of the strain data was deferred.

IIT. RESULTS AND CONCLUSIONS

During the course of the research described above, an ice stress
and strain measurement system was successfully designed, built, and
deployed in the vicinity of the Shell 0il Company's Seal Island
northwest of Prudhoe Bay. Mathematical techniques were developed for
the interpretation of ice stress data from a rosette of uniaxial ice
stress gaUges. Additional mathematical interpretation of data from a
array of 9 strain sensors embedded in ice was also completed. The
integral method for the interpretation of total force upon offshofe’
islands and structures, in relation to stresses observed in the ice
sheet surrounding the structure, was developed. The calibration of
uniaxial gauges as a function of angle between the gauge axis and the
applied stress was completed. It was also discovered that the presence

of an artiffcia] offshore island consistently modifies the boundary of
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the shorefast ice zone, extending it to a location further offshore very
early in the winter season. This has the effect of reducing the amount
of ice movement for parts of the winter season when‘the ice is thicker,
and can be expected to result in a beneficial reduction of ice force
against artificial islands and structures at least out to water depths
of the order of 20 m where grounding normally takes place each year. An
alternative viewpoint of this phenomenon is that fracturing and ridging
against the boundaries of artificial islands and structures takes place
during the early part of the winter, when the ice thickness is 10 cm -
30 cm, after which the island serVes to define or extend the seaward
boundary of the shorefast ice, thus inhibiting additional movement and
also preventing the intrusion of multi-year flows from the pack ice
during mid-winter. Unfortunately, no large ice stress events took place
during the data collection period, ané therefore it was not possible to
estimate the amount of dice stress in fhe vicinity of-the artificial
island which one might encounter during an ice ridging event near.the
island. Ice stresses during the active data gathering period were below

0.7 psi.

IV. RECOMMENDATIONS
Inasmuch as the ridging of ice takes place routinely around the
boundaries of artificial and natural islands early in the winter season,
when the ice thickness is in the range 10-30 cm, it is clear that any
measurements of ice forces against islands and structures should be done
during the period when the ice is highly mobile. A cooperative program
has evolved with the Technical Research Centre of Finland to

simultaneously measure ice stress in the ice sheet adjacent to the KEMI
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I Tighthouse in the Gulf of Bothnia, and to measure Tighthouse
deflection. From earlier calibration experiments, the force/deflection
relationship for the lighthouse is known, and the transfer function from
an ice sheet to a cylindrical structure can be determined.

With the obvious successful resistance of artificial islands to
Tateral ice forces since 1972, involving over 30 islands, it.is clear
that the forces due to annual ice are highly variable but are below the
Timits related to island failure.

0f more significance for the future is the force on islands and
structures in water depths greater than 20 meters. Panels o such
structures should be wused, and novel rapidly deployed ice
instrumentation (e.g. accelerometefs) on the ice surface may be related
to the forces registered by the panels. ‘A modified experimental
approach is requifed. The forces during interactions betweeﬁ structures
and large multi-year floes and dice islands seem to be ‘the major
remaining Arctic design questions. Further research could use this
approach in full scale, or could use the KEMI I lighthouse with its new
conical waterline shell structure as a 1/5-scale mode] for the deep
water Arctic prototype. Valuable design data can thus be obtained from
further research 1involving cooperation with Finland. ‘Fu11-sca1e
research projects in cooperation with American industry are also very

worthwhile. Both avenues of research are recommended.
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IN-ICE CALIBRATION TESTS FOR AN ELONGATED,

UNIAXIAL BRASS ICE STRESS SENSOR

Jerome B. Johnson

S— ALY

ABSTRACT

An elongated, uniaxial brass ice stress sensor
has been developed by the University of Alaska and
used in several field experiments. Laboratory cali-
bration tests have been conducted, in a 60 x 29.5 x
8.5 in. (1524 x 750 x 216 mm) ice block into which the
sensor was frozen, to determine the sensor's response
characteristics. Test results indicate that the
sensor acts as a stress concentrator with a stress
concentration factor of 2.4 and transverse sensitivity
of -1.3 at stresses below 30 1bf/in.? (207 kPa). At
stresgses greater than 30 1bf/in. 2 (207 kPa) the stress
concentration factor increased and the sensor exhibit-
ed a time delay respomse to load. Differences of 22%
were measured between the measured sensor stress im~-
mediately after a constant ice load was applied and
the asymptotic stress limit. Interpretation of
measured sensor stresses can be considered reliable at
ambient ice stress levels below 30 1bf/in.?2 (207 kPa).

INTRODUCTION

Ice stress is recognized as an important. factor
in the design of marine and hydraulic structures, ice
drift, ride-up, pile-up, pressure ridge formation and
pressures in reservoirs. Cox and Johnson [1] reviewed
the design and response characteristics of several
sensors that have been built to measure stresses in an
ice sheet.

One of the early stress sensor designs was
developed at the University of Alaska. Nelson [2] and
Nelson et al. [3] described the design requirements
and experimental test results for an elongated, uni-
axial brass ice stress sensor. The sensor was con-
structed from a brass bar with a reduced diameter
section. Strain gauges:are attached to the reduced
diameter section such that all arms of the strain
bridge are active. A copper sheathing covering and a
waterproofing compound protect the electronics. End~-
caps extend from the ends of the transducer to provide
tension gripping in the ice (Fig. 1). The initial
development and calibration of the sensor was conduct-
ed using a 3 in. (76 mm) long by 1 in. (25.4 mm) .
diameter gauge with a 1 in. (25.4 mm) reduced diameter
section 2-1/2 in. (63.5 mm) in length [3].

U.S. Army Cold Regions Research and
Engineering Laboratory
Hanover, NH

Direct load calibration tests were conducted by
Nelson et al. [3) and included creep loading, rapid
loading, and loading until the ice block failed.

These tests indicated that the stress concentration
factors varied from 3.4 to 6.4 depending on the type
of test conducted. The stress concentration factor,
a, is defined as the ratio of the measured stress to
the applied stress when the long axis of the sensor is
oriented in the loading direction. These tests also
demonstrated that the sensor was sensitive to loads
applied perpendicular to the long axis. This trans-
verse sensitivity varied between -1.53 and- -0.082,
depending on loading counditions. The transverse sen-~
sitivity, B, is defined as the ratio of the measured
stress to the applied stress when the long axis of the
sensor is oriented normal to the loading direction.

The uniaxial stress sensor has been used in
several field experiments to estimate ice stresses
near grounded objects, thermal and tide-generated
stresses in shorefast sea ice, and stresses associated
with ice movement and deformation [4,5,6]. These
studies utilized 5 in. (127 mm) long by 2 in. (50.8
mm) diameter sensors as.shown in Figure l. Stress,.
sensor measurements were interpreted by assuming a
constant stress concentration factor, a, equal to 3.2
and ignoring the transverse sensitivity (B = 0). The
uniaxial sensor has also been used to measure ice

Unigxial Brass Stress Sensor

Fin. dia.
(6.35mm)

in- fin, dia. 4in.
25 4mm) (254 mm) (102 mm}
| — Sin.
(127 mm)
I 6in,
(152 mm}
FIG. 1. Elongated, uniaxial brass ice

stress sensor.
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stresses around offshore structures off the north
coast of Canada and Alaska in 1983 and near the coast
of Finland in 1984 (Sackinger, personal coumunica-
tion). Past and current interest in utilizing the
uniaxial brass stress sensor to measure ice stress
points out the need to define the sensor's response
characteristics, which have not been well defined or
fully utilized. Calibration test results by Nelson et
al. [3] showed that a and 8 varied significantly, even
when loading test conditions were similar. In addi-
tion, analytical analyses of an elongated inclusion
inserted into an elastic plate indicate that the
stress concentration factor for the uniaxial stress
sensor may depend on 6, the angle between the princi-
pal stress axis and the long axis of the gauge {71,
Past field experiments using the uniaxial sensor have
used data reduction techniques that have ignored the
transverse sensitivity of the gauge. These stress
measurements may be suspect unless the contribution of
transverse sensitivity is neglipible.

The present paper presents the results of a cali-
bration test program that was designed to resolve some
of the questions raised above about the uniaxial
sensor's response to applied loads. The procedure was
to: 1) determine experimentally the sensitivity of
the uniaxial sensor (change in sensor electrical out-
put per unit change in applied load) before it was
embedded in an ice block; 2) determine experimeatally
the in-ice stress concentration factor of the sensor
as a function of 6; 3) determine experimentally the
in-ice transverse sensitivity of the sensor; and 4)
present an amalytical technique for interpreting the
in-ice stress sensor calibration results.

TEST PRODCEDURES

Calibration tests were conducted using a uniaxial
sensor with dimensions identical to the sensors that
were used in earlier field experiments (Fig. 1). The
two basic tests that were conducted included a direct
load test on the sensor and loading an ice block into
which a sensor had been frozen. The direct load test
was conducted by placing weights on one of the end-
plates of the sensor while the other endplate was held
in a vise. The load was cycled several times in an
effort to determine the stress sensor's sensitivity,
linearity, and hysteresis characteristics. The second
test was conducted by freezing the uniaxial sensor
into a large freshwater ice block, which was then uni-

axially loaded by a hydraulic ram. The fce block was =

60 in. long, 29.5 in. wide, and 8 in. thick (1524 x
750 x 216 mm) (Fig. 2). These dimensions were chosen
so that the stress disturbance in the ice block due to
the presence of the sensor was not felt at the bound-

Load Cet! le—— 60in. ——ﬁ
_\ (1524 mm)

Load Frame ~
A\

7.- ng% in.(750mm)

/. +

Nydroulicl ZSm.-ss \—Ice Block

Cylinder Sensor

, 9in.(229mm) '
4in 8zin
(i0zmms £ (216mm)

FIG. 2. Experimental test setup for the
load frame, ice block, and stress sensor.

aries of the block. The use of an ice block of suffi-
¢iently large dimensions 1s necessary to ensure that
the block can adequately represent an infinite ice
sheet and thereby reduce the variability of the test
results. Nelson et al. [3] used an 8 x 8 x 12 in.
(203 x 203 x 304 mm) block for their tests ona 3 x 1
in. (76 x 25 mm) diameter gauge. This small block
size may account for some of the variability of their
results.

Freshwater ice was used for convenience; however,
the results should be applicable to saline ice as
well. The uniaxial stress sensor was designed to be
stiff as compared to ice (i.e. to have an elastic
modulus much greater than that of freshwater or saline.
ice). Nelgon [2] has shown analytically that the
stress concentration factor of a stiff elongated
stress sensor is little affected by changes in the
modulus or by creep of the ice. These results are
supported by experiments on stiff cylindrical stress
sensors which were embedded in both freshwater and
saline ice {1,8]. The experiments indicate that
differences in the elastic modulus and creep behavior
for freshwater and saline ice do not significantly
affect the behavior of a stiff stress sensor.

The freshwater ice block used in this experiment
was grown in the loading frame (Fig. 2). The base of
the frame consisted of a 1 .in. (25.4 mm). thick sheet.
of plywood that was covered with a double layer of
plastic sheeting. The plastic sheeting provided a
watertight membrane during freezing and a low friction
surface under the ice block during loading. The side-
walls of the ice growing frame were also made from
plywood. The plywood was coated with a lubricating
grease to prevent the ice from bonding during ice
growth. The loading platens at the ends of the load
frame were covered with a double layer of plastic
sheeting. The uniaxial sensor was placed at mid-depth
in the center of the framework and allowed to freeze
in place. Once the ice block was made, the plywood
sidewall supports were removed. The ice block was
then loaded using a 100,000 1bf (45 MN)} hydraulic
cylinder. The loads were monitored with a 150,000 1bf
{67 MN) load cell that was mounted in series with the
hydraulic cylinder. The load cell was calibrated by
the manufacturer and was found to respond linearly
over the full range of loads used in the calibration
test. Loads were accurately resolved to 150 1bf (670
N) which corresponds to a stress of 0.6 1bf/in.2 4
kPa). Initially ft was planned to run-all- loading
experiments to a maximum stress of 100 1bf/in. 2 (689
kPa). As preliminary tests resulted in a shear
failure between the loading platens, the maximum
stress was limited to 30 lbf/in.? (207 kPa) for the
ma jority of tests. The applied stress was increased
to 70 1bf/in.2 (483 kPa) for the final test series
with the sensor's long axis aligned parallel to the
direction of the applied stress, & = 0°.

Tests were conducted at an ice block temperature
of 23°F (-5°C) with the sensor at five different
orientations to the applied stress. The sensor was
first tested at 6 = 0°. A chain saw was used to re-
move the sensor from the ice. The sensor was then re-
oriented to 6 = 30° and refrozen into the center of
the block, and another set of tests were conducted.
This procedure was repeated for 6 = 45°, 60°, and 90°.
There was some concern that removing the sensor from
the ice block and then refreezing it {nto the block
might alter the test conditions. The effect of the
removal/installation process was examined by conduct-
ing the final test series by removing the gauge after
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fﬁ; § = 90° test and refreezing it at 6 = 0°. The
results of the last test series were then compared
with those of the first test with & = 0° and found to
be the same within the limits of experimental error.

Both rapid-loading and creep tests were conducted
on the ice block into which the sensor was embedded.
The rapid-loading tests were performed by increasing
and then decreasing the load incrementally. The load
was allowed to stabilize briefly before being changed.
Creep tests were conducted by increasing the applied
load to a given level and maintaining it until the
stress sensor respouse was stable.

The excitation voltage for the strain gauge
bridge mounted on the sensor was set at 6 V. This is
the same level that has been used in all past field
experiments. The load information from the load cell
and stress sensor were recorded on an x-y plotter.
The data presented here are based on the x-y plotter
records.

a

DATA REDUCTION AND TEST RESULTS

Stress sensor load sensitivity was determined
from the direct loading test. These results indicate
that the sensor response is repeatable, linear and had
little hysteresis (Fig. 3). The load sensitivity for
these tests was given by

AF = G S Ep = (1.27 1b/wW) Eg
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FIG. 3. Lload sensitivity for the
uniaxial brass ice stress sensor
from direct loading tests.
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FIG. 4. Results of low-magnitude
stress~loading tests in ice. The
number of separate measurements
taken at a given applied stress
are shown in the figure.

Table 1. Summary of Statistics om Calibration Data.

Least Squares Fit to Data

Standard
Stress sensor Vertical deviation
orientation to Correlation axis about the
loading (deg). .. coefficient Slope intercept. ~slope*
0 0.95 2.4 2.1 0.1
30 0.99 . 1.7 ~1.8 0.2
45 0.99 0.7 -0.9 0.1
60 -0.58 -0.2 ~-2.0 0.1
90 -0.98 -1.3 ~1.6 0.2

* The slope is also the mean ratio of measured sensor
stress and applied ice stress.

where AF is the change in load, G is the amplification
gain, § is the load sensitivity coefficient, and Eg4 is
the sensor output in volts. Measured stresses were
determined by dividing the load semsitivity of the
sensor by the surface area of the endcaps:

g = AF/A .
m .

Applied ice block stresses were determined by
dividing the measured load from the load cell by the
cross sectional area of the ice block. The test
results are presented in four different formats to
illustrate the behavior characteristics of the sens-
or. The original test results for stress sensor
orientations of 0°, 30°, 45°, 60°, and 90° to the
principal stress direction are shown in Figure 4. A
linear least squares method was used to fit a line to
each of the data sets shown in Figure 4. The coeffi-
cients determined from the least squares fit are
presented in Table 1. The slope of the fitted line is
also the mean value of the ratio of measured sensor
stress to applied ice block stress. The slope of the
fitted curve for 6 = 0° is the mean stress concentra—
tion factor; it was found to be 2.4 with a standard
deviation of 0.1. The mean transverse sensitivity of
the sensor was determined from the slope of the fitted
curve at 8 = 90° and was -1.3 with a standard devia-
tion of 0.2.

The results shown in Figure &4 indicate that the
sensor response was generally linear in each orienta-
tion. However, the magnitude of the applied stress
that was detected by the sensor did depend on orienta-
tion. This behavior was expected since the sensor was
designed to sense stresses along its axis, and these’
would vary depending on the orientation of the sensor
to the applied load. Nelson et al. [3] suggested that
the measured sensor stress could be related to the
applied stress by a Mohr's circle representation. For
a uniaxial stress field, the ratio of measured stress,

Om, to applied stress, ¥y, can be given by

g lo = (a cos28 + B sinZe) . 1)

Figure 5 is a plot of the mean value of op/ oy
for each test orientation. The standard deviation
about the mean is delineated by the bars extending
from the data points. The calculated curve for oy/
Gg is also plotted:

o /o = 2.4 cos?8 -~ 1.3 sin?e
n' ‘a
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FIG. 5. Measured sensor
stress to applied ice-

. stress ratio as a func-
tion of stress sensor
orientation to the prin-
cipal stress direction.

where the stress concentration factor at 0° is 2.4 and
the tangential sensitivity of the sensor at 90° is
-1.3. The calculated results agree with equation 1,
supporting Nelson's suggestion that the measured
.stress/applied stress ratio can be represented by the
Mohr circle theory.

The typical response of the uniaxial ice stress
sensor to a constant load as a function of‘tfwe 1§
shown in Figure 6. Here the measured sensor stress
increases as the apglied ice stress is increased to a
constant 50 1bf/in.< (346 kPa) wmagnitude. The
measured stress then continues to increase asymptotic-
ally to a limiting value as the time increases. The
difference between the measured sensor stress lummedi-
ately after the applied stress reached a constant
value and the asymptotic limit.of the measured sensor
stress was 22% (AS in Fig. 6). The sensor did not
exhibit a time-dependent response to load during the
direct loading test. This indicates that the time
response of the sensor in ice must be due to the
interaction of ice and sensor. The sensor configura-
tion may produce its time-dependent response in ice to
creep loading. The endcaps of the sensor are designed
so that ice will form around them, allowing the seasor
to respond to both compressive and tensile stresses.
The ice that fills the reglon between the backside of
the endplates and the body of the sensor may support
some of the applied ice stress through shear to the
main ice sheet. As the applied load is maintained,
the ice plug may begin to creep, allowing the sensor
to gradually assume the full load due to the applied
jce stress. Test results indicate that the sensor's
time-dependent response to creep loading 1s more
severe at higher applied stresses.

A final test was performed at 8 = 0° to examine
the relationship between the stress coacentration
factor and the magnitude of the applied stress.
was the only test sequence that was conducted at
stress levels greater than 30 1bf/im.“ (207 kPa). At
these higher stress levels, noticeable cracking of the
ice near the loading platens was observed. Eventual-
ly, cracks formed in the body of the block, and the
test was ended. The test results indicated that the
stress concentration factors were scattered in a range
that was consistent with ¢ = 2.4 when the applied ice
stress was 30 1bf/in.2 (207 kPa) or less. At stress
levels between 30 1bf/in.? (207 kPa) and 70 1bf/in. 2
(483 kPa) the stress concentration factors increased
to more than 3 (Fig. 7). The larger stress concentra-
tion factors at higher loads may be due to local ice
eracking around the sensor, which resulted in in-
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FIG. 6. Creep loading test results. The dif-
ference between the initial measured stress
after imposing a constant applied stress and
the asymptotic limit of the measured stress
is shown by AS.
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FIG. 7. Stress concentration
factor as a function of the
applied ice stress for ¢ = 0°
configuration.

creased load transfer to the sensor. Too few tests
were conducted to fully document the relationship
between the stress concentration factor and applied
stress. However, the available results are generally
consistent with the findings of Nelson et al. [3] and
indicate that different o values should be used to
interpret measured stresses correctly, depending on
the loading conditions and stress magnitude (for
example, rapid loading, creep loading, or loading to
ice block failure). '

" IMPLICATION OF CALIéRATION TEST RESULTS
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ON DATA INTERPRETATION

The calibration test results described in the
previous section indicate that at applied ice stresses
below 30 1bf/in.? (207 kPa), the measured stresses can
be reasonably described by using a Mohr's circle
representation of the sensor response and constant
values for o and B. At stress levels above 30 1bf/
in.? (207 kPa) the time-dependent response character-
istics and the dependence of a on the applied ice
stress of the uniaxial stress sensor become important.

For relatively low ambient ice-stress levels, the
Mohr circle representation suggested by Nelson et al.
[3] can be used to interpret field data. The measured
ice stresses can be related to the principal stresses
in a biaxial stress field by

o, = (a+B) EJ%Bz + (o-B) Bi%Ez cos 28
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FIG. 8. Stress sensor rosette used to
determine the magnitude and direction
of the principal stresses.

where p] and p2 are the primary and secondary princi-
pal stresses acting on an ice sheet. The principal
stresses p} and p2 acting on an ice sheet can be
determined by using a rosette of three stress sensors
embedded in the ice. If the sensors have an angular
separation of 45° as shown in Figure 8, then

These results show that the errors associated
with setting 8 = 0 depend on the biaxial stress ratios
92/91 and p,/p, and can be significant. The calculat~
ed stresses can differ up to 527 from actual ice
stresses by assuming 8 = 0. This indicates that the

transverse
account in
magnitudes
The. errors

sensitivity factor should be taken into
all calculations where the direction and
of the principal stresses are not known.
- asgociated with assuming .8 = 0 can be:

o +¢ [(e.. ~20 _+a 2+ (c -a )2]1/2
py = BL B3, " my my m3 my  m3
17 2(aB) (o B)
1/2
%, %, [[om1 - 2:7mz + °m3)2 + (oml umg)z]

P2 (e 2(aB)

c ~20 +g¢
m) ma m3
g -0
m} a3

tan2f =

In previous field experiments ice stresses have
been calculated without considering the effects of the
sensor's transverse sensitivity. The calculated angle
of orientation, 6, will not be affected since 8 does
not enter into the formula. The calculated~p; and p,
values may, however, be In error. The errors for p)
and p, in a biaxial stress field can be derived from
the above equations and are given by

8 B
dpp = =3 P2 and fpy = - P

where &py = (p1)g,8 = (P1)g,0 and 4py = (P2)g,p
- (P2)g,0- A4p) and 8py are the differences between
the cafcula:ed principal stresses, assuming the influ-

_ence of both a and B, and the calculated principal

stresses, assuming no transverse sensitivity. For a=
2.4 and 8 = ~-1.3, as were determined from the calibra-
tion tests, we have
Apy = 0.52 p, and 4py, = 0.52 P;e

The percentage error is determined by dividing by
the principal stresses where

21005222 ana 222 . g.52 BRI,
P1 1 P2 P2

reduced or eliminated in special situations when the
secondary principal stress, p,, is known to be negli-
gible. .

Interpretation of measured sensor stress becomes
difficult at higher stress magnitudes because of a
variation of stress concentration factor with applied
stresgs. Additional calibration tests need to be con-
ducted to better define the applied ice-stress/stress
concentration factor relationship and determine if it
is repeatable. If the increase in the stress concen~
tration factor is due to local fracturing around the
sensor it is doubtful that any applied ice-stress/
stress concentration factor relationship will be
repeatable. However, one possible method of inter-
preting measured stresses would be to calculate ice
stress using the low stress level a. The calculated
stress magnitude could then be used to estimate the
appropriate a value. to- be used in. estimating the final
stress magnitudes. This 1is not a very satisfactory
method of determining in-situ stresses, and the cali-
bration test results indicate that measured sensor
stresses should be viewed with caution when the
applied ice stresses are greater than 30 1bf/in.2 (207
kPa).

. CONCLUSIONS

The elongated, uniaxial brass ice stress sensor

"does regspond to low-level ice stresses in a predict-

able manner. The calibration tests conducted in this
study indicate that, for ice stresses less than 30
1b£/1n.2 (207 kPa), the fce stress seasor exhibits a
stress concentration factor of 2.4 and transverse
sensitivity factor of ~1.3. The ratio of the measured
stress and applied stress can also be described by a
Mohr circle representation. The stress concentration

"+ factor was found to increase with increasing ice

stress for applied stresses in excess of 30 1bf/in.2
(207 kPa). This behavior was attributed to localized
ice failure mnear the-sensor. Additional loading tests
are required to better define the relationship between
stress concentration factor and applied stress. The
sensor also exhibited a time-delayed response to
constant applied stresses greater than 50 1bf/in.?2
(347 kPa). Time delays of up to 20 min. were required
for measured sensor stresses to asymptotically
approach a stable value after the application of a
constant ice stress.

Field experiments utilizing the uniaxial sensor
need to be carefully designed to ensure that the ice-
stress magnitudes do not exceed the levels at which
measured sensor stresses can be confidently calculat-
ed. The calibration test results indicate this upper
limit of ice stress to be 30 1bf/in.% (207 kPa). Past
field experiments have used a stress concentration
factor of 3.2 and have ignored the transverse sensi-
tivity when calculating ice stresses. The stress
concentration factor determined in this study is
believed to be more reliable than the 3.2 value since
earlier experiments were conducted using smaller
stress sensors and the test ice~block dimensions were
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tSS’;;all to incorporate the stress disturbance due to
the embedded sensor. The earlier experiments showed
greater variability in results than was obtained in
this study. Calculated ice-stress magnitudes may have
significant errors when the effects of transverse
sensitivity are not accounted for. The magnitude of
these errors depends on the stress concentration/
transverse sensitivity ratio for the sensor and the
ratio of primary to secondary principal stress. The
calibration tests indicate that errors of up to 52%
may occur for the uniaxial sensor, when the transverse
sensitivity of the sensor is not included in the
analysis of measured stresses.
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ABSTRACT

Two methods are presented for calculating ice
loads on structures using measurements from sensors
imbedded in a floating ice sheet and from instruments
attached to a structure. The first method uses &
mathematical model describing ice/structure inter-
action for a cylindrical structure to interpret
stress measurements. This technique reguires only a
few sensors to develop an estimate of ice loads.
However, analytical and experimental results indicate
that using a mathematical model to interpret stress
weasurements can result in inaccurate load estimates
due to uncertainty in the accuracy of the model and
and the uncertainty of using local ice stresses to °
calculate total ice forces. The second method of cal-
culating ice loads on structures utilizes tuler and
Cauchy's stress principle. In this, the surface
integral method, the force acting on a structure is
determined by summing the stress vectors acting on a
surface which encompasses the structure. Application
of this technique requires that the shear and normal
components of stress be known along the surface.
Sensors must be spaced close enough together so that
local stress variations due to the process of ice
failure around a structure can be detected, The sur-
face integral method is a useful technique for inter-
preting load and stress measurements since a know-
ledge of the mechanism of ice/structure interactions
is not needed. The accuracy of the method is deter-
mined by the density of sensors along the surface. A
disadvantage of the technique is that a relatively
large number of sensors are needed to determine the
stress tensor along the surface of interest.

The surface integral method can be used to exam-
ine the effects of grounded ice rubble on structural
ice Joads. Two instrumented surfaces, one enclosing
a structure and the other enclosing the structure and
rubble field can be used to estimate the load acting
only on the structure and also on the structure/
rubble-field system.

INTRODUCTION

Resource exploration and establishing naviga-
tional aids in cold offshore regions reqguire bottom-
founded structures which can withstand the lateral
forces generated by moving ice. Various methods have
been used to estimate ice loads on structures inciud-
ing: mathematical analyses of ice interacting with
structures (Croasdale and others 1977, Kerr 1978,

12N

Ralston 1978{al, [bl, and others), small-scale model
experiments (Edwards and Croasdale 1977, Lewis and
Croasdale 1978), measurements of ice stress in con-
Junction with mathematical descriptions of the stress
field around structures (Semeniuk 1977, Strilchuk
1977) and direct measurements of circumferential
loads and bending moments on instrumented structures
Danys and Bercha 1976, Mddttdnen 1978, 1980). Mathe-
matical analyses and small-scale modeling techniques
are now the methods that are most used for estimating
ice loads. Mathematical models are developed by making
certain assumptions about the mechanism of the inter-
action between a structure and ice, the rheology of
ice and the environment which will be encountered. The
usefulness of such models depends on how realistic the
assumptions are. Small-scale model tests and proto-
type tests (Verity 1975, Robbins and others 1976) have
been used to derive approximate empirical solutions
for ice forces on structures. These solutions have
then been compared with -mathematical models (Kry-.
1980[b]). A drawback of both scale model tests and
mathematical models is that the Yack of load measure-
ments for full-size structures limits the extent to
which modeling efforts can be compared and verified.
The extreme cost and necessary overdesign of a full-
scale test structure has limited the number of direct
load measurements available. Direct measurements of
ice loads have in the past been conducted on struc-
tures of relatively small diameter, Tighthouses and
pilings (Schwarz 1970, Neill 1971, Danys and Bercha
1976, Madttdnen 1978). Recent efforts, however, have
been directed at determining loads on full-scale,
exploratory structures (Semeniuk 1977, Strilchuk
1877, APDA 1981). Determining the ice loads that act
on full-scale structures provides important inform-
ation to the designer including: (1) data to which
scale model experiments and mathematical models can
be compared, (2) lower bounds to possible ice forces,
(3) an historical database which, in conjunction with
other environmental parameters, can be used for
developing design criteria in probabilistic terms,
and (4) information about the influence of ice rubble
piles, which surround a structure, on ice forces.

The requirements for directly determining ice
loads on structures from in situ measurements have
been discussed only briefly in the literature. Essen-
tially two general methods are used. The first method
involves measuring the forces acting on a structure
using instruments attached to the structure. These
can consist of either circumferential load cell or



bending moment measurements and in this paper are
referred to as load measurements (instrumented island).
Load cells, sensitive to normal forces, are typically

- placed around the circumference of a structure and

the load across the face of the structure is measured
(Schwarz 1970, Miittdnen 1978). Measurements of the
pending moment of a structure have been used to deter
mine ice loading but are difficult to interpret due

to low signal output (Miattdnen 1978), Instrumented
structures are an attractive method for determining
ice forces since a knowledge of the mechanism of ice/
structure interactions is not required. However,
unreliable load estimates can result from the use of
sensors which do not respond to the total traction
force. Sensors which respond only to the normal com-
ponent of load without regard for possible contribu-
tions from shear loads have been deployed on instru-
mented structures in the past (Danys and Bercha 1976,
Miattanen 1978) and can result in an underestimate of
structural loading.

Recent efforts have been made to measure the total
traction force on support members of the Yukon River
bridge in Alaska and a bridge over the Ottauquechee
River in Vermont (Burdick personal communication,
Sodhi personal communication). Sensors are used that
respond to both normal and shear loads.

A second method of determining structural ice
loads involves embedding sensors that respond to
stress in the ice around a structure, referred to in
this paper as stress measurements (in ice). The
resultant ice forces are determined from stress
measurements by using a mathematical model describing
jce/structure interaction {Strilchuk 1977, Metge and
others 1981, Templeton unpublished). The disadvantages
of using stress measurements in conjunction with
mathematical models are uncertainties concerning the
accuracies of the stress measurements, and of the
mathematical description for ice/structure inter-
action, and concerning the use of local ice stresses
to calculate total ice forces. Kry (1978[b], 1980[al)
has suggested that ice can fail in independent zones
across wide structures. Such failure may result in
Tocal jce stresses which are not representative of
the average stress acting on the structure. Measure-
ments of ice stress by Strilchuk (1977) provide an
example of the difficulty of using local stress
measurements to determine the total structural ice
force.

Past difficulties of obtaining accurate measure-
ments of ice load for structures illustrates the
importance of understanding which forces need to be
measured and how in situ measurements should be
interpreted. This paper examines the questions assoc-
jated with the deployment of stress {in ice) and load
{instrumented island) sensors and the use of the
resulting data to determine structural ice loads. Two
methods for determining structural ice forces from
in situ measurements are described. The first method
uses a mathematical description of ice/structure
interaction and has been used previously. The second
method uses a surface integral approach to compute
total ice forces from in situ measurements. This
method is useful because it does not require a know-
Tedge of ice/structure mechanisms and can be applied
to any structural geometry. The surface integral
method is then used to demonstrate how stress and
load measurements can be used to determine the influ-
ence of ice rubble piles, which surround a structure,
on ice forces.

CALCULATING ICE LOADS
Stress measurements in conjunction with a
mathematical model of ice/structure interaction

In situ measurement of ice stresses around off-
shore structures is a difficult and time-consuming
task. The use of a mathematical model to describe
the interaction between ice and structure can reduce
the number of stress measurements needed to determine
ice loads on a structure, provided that the model is

Johnson: Iece loads on offehore structures

realistic. To date, the mathematical models describ-
ing ice/structure interactions that are used with
stress sensor measurements have been for cylindrical
structures. This geometry lends itself to a rela-
tively simple solution when compared to more compli-
cated shapes. The general assumption regarding ice/
structure interaction is that an elastic ice sheet
moves past a cylindrical structure and the tota)
force of the ice is resisted by the structure (Fig.1).
This situation has been described mathematically by
Strilchuk (1977) and Wang {1978) and is given by

or = Np P cos @ {(n
og = Ng P cos © (2)
Tpg = Npg P sin 6 for -n/2 < 6 <u/2 (3)

and
op = 0g = Tpg = 0 for -a/2 < 8 < 3n/2 .

The radial, tangential and shear stresses acting
in the ice in polar coordinates are respectively op,
og and tp.g. The average pressure acting on the struc-
ture along the diameter d-d' is P (Fig.l). The three
coefficients Np, Ng and MNypg depend on the bound-
ary condition at the ice/structure interface and are
given by

Np = 4/(uX)  (Strilchuk 1977), (4)

and for a fixed boundary condition along the ice-
structure interface

Np = 173 ({1 + v)/X3 - (3 + vI/X), . (5)
Ng = 1/wn {-(1 + v}/X3 + (1 - v)/X), (6)
Neg = 1/5 ({1 + VI/X3 + (1~ vI/X), {7}

and for a frictionless boundary condition
Np = =1/n((1 - v}/X3 + (3 + v)/X), {8}
Ng = 1/x({1 - v)/X3 + (1 - v)/X), {9)
Npg = L/m (=(1 = v)}/X3 + (1 - v)/X), (10}

where X = r/R and v is Poisson's ratio (Wang 1978).
The radial distance from the center of the structure
to a point in the ice sheet is given by r and the
structure radius by R.
" In application of the model the radius R is taken
as the ice failure boundary. This could be the struc-
ture radius or the radius of a frozen annulus of ice
around the structure. Measurements of ice movement
have been used to determine the direction of movement
of the ice sheet and estimate the principal stress
direction (Strilchuk 1377). The average load on the
structure can be estimated from a stress sensor,
which measures stress in the radial direction,
located in the region ~n/2 < 8 < n/2 (Fig.1). For
example, the average stress acting on the island can
be computed from

P = ap/{Np cos al, (1)
where op is the stress reading at SS; in Figure 1
and «, the angle between the stress sensor and prin-
cipal force direction, is determined from measurements
of ice movement {Strilchuk 1977},

A second method of estimating P without using
measurements of ice movement makes use of an array
of four stress sensors, SSj to 554, with angular
spacings of n/2 around a structure (Figure 1}. Using
Equation (1) it is easy to show that

a = tan"? (op/o}) (12)
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and
P = op/(Ny cos a) (13)
- where

oy < oy, op' =op" =0

and a is the angle between the principal force direc-
tion and op. The stress readings at SS}, $S2, SS3
and SS4 in Figure 1 are respectively op, op, op' and
op". A four-sensor technique has been discussed

by Templeton (unpublished) although the mathematical

formulation was not given.
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Fig.l. Ice sheet moving past a cylindrical structure.

It is unlikely that the model for ice/structure
interaction described by Equations (1), (2) and (3)
is adequate to determine structural ice loads from

stress sensor measurements, The mechanical properties.

of ice and the failure mechanisms for ice around wide
structures are complex and, in general, not well
understood. Measurements of ice stress around three
exploration islands in the Canadian Beaufort Sea
illustrate the difficulties of using a mathematical
model to interpret stress measurements. Several
different sensors around the islands were used to
calculate independently the average pressure P acting
on the islands. P was found to vary significantly
depending on the sensor and its location. In some
cases the variations in P were greater than 690 kPa
fo; ?ifferent sensors (Semeniuk 1977, Strilchuk
1977).

The use of mathematical models to interpret
stress measurements is probably even less reliable
for structures with noncircular geometries (for
example, rectangular or polygonal shapes). The stress
distribution around such structures can be complex
and dependent on the direction of loading. Therefore,
it is important to develop methods for interpreting
stress and load measurements which do not require
an understanding of the details of ice/structure
interaction.

The surface integral method for calculating
structural Toads from in situ measurements

A method for interpreting in situ stress and load
measurements that does not require an understanding
of of ice/structure interaction can be developed from
first principles of continuum mechanics. In the
analysis of structural loading only the surface
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forces or stresses due to the ice acting against a
structure are important {body forces can be neglec-
ted). The surface force acting on an imagined surface
in the interior of a body is the stress vector of
Euler and Cauchy's stress principle. According to
this, concept, the total force acting upon the region
interior to a closed surface s is

> v
F=¢sT ds, (14)

where ¥ is the stress vector acting on the surface
element ds whose outer normal vector is ¥ (Fig.2).
The geometry of a structure and the surface of integ-
ration s can be any shape, However, for the purposes

Structure

Fig.2. Ice sheet moving past a cylindrical structure.
Two surfaces of integration are shown: one along
the ice/structure interface and one in the ice
sheet surrounding the structure.

of illustration a cylindrical structure and cylindri-
cal surfaces are used in this paper. Figure 2 illus-
trates the.concept of applying *the surface integral,
nethod for calculating the load on a cylindrical ’
structure. Provided that it encompasses the structure,
s can be placed anywhere in the ice sheet. Two
possible surfaces of integration shown in Figure 2
include one surface that follows the circumference

of the structure S; and another in the ice sheet $p.
Once the traction vector (stress vector) is known,
the load acting on the body interior to s can be
determined. The surface traction vector is defined as

? = 3 « {z} . {15)

where the stress tensor of the ice sheet is {Z}. The
stress tensor can be developed in several ways depend-
ing on the coordinate system. For the cylindrical
structure depicted in Figure 2 in Cartesian coordin-
ates,

9x Txy Txz
{z} = [Uij] = Tyx Uy Tyz (16)
Tzx Tzy 9z
+ * >
and v=cos 81i+singj,

> +
where i and j are outward pointing unit vectors for
the Cartesian system. The z component stresses are



assumed to be negligible: txz = tyz = 07 = 0. The
traction vector acting on ds is then

v : ¥
T = vj oij = lox cos® + 14y sin6) 1+

>
+ (oy sine + 1xy cose) J, (17)

where

ds = r de dz. (18)
Equation {17) shows that both normal and shear
stresses contribute to the traction vector. This
means that load and stress measurements that are
sensitive only to normal loading will cause struc-
tural loads to be underestimated as suggested above.
It is also evident that three component stress sensor
stations must be used at each measurement site in
order to resolve the stress tensor along s.

A calculation using Wang's (1978) solutions will
be used to demonstrate the technique and to illustrate
the importance of considering shear loads. Wang's
solutions are presented in polar coordinates for
which, with the aid of a coordinate transformation,
Equation (17) takes the form

Y R ¥
T = (op COS8 - 1pg sinG) i +

>
+ (op sin® + tpg cos8) J. (19)
The force on the cylindrical structure can now be
computed for both the fixed and free boundary con-
ditions using Equation (14) and assuming that the
direction of loading is co-linear with the x axis
(Fig.2)

w

v
T r do dz. (20)

R4
"
Ot
Qs

Substituting Equations (1) and (3) in (19) and inte-
grating Equation (20) gives

> . +>
F = Ptar/2 (Np - Npg) i (21)

for the fixed boundary condition.

F = ptr/2 [(1+v}/x3 - (3+v)/x -

A ——
radial component

- ((1#v)/x3 + (1-v}/x)] 3 = -2PRE §

I
shear component

and for the frictionless boundary condition

F = Ptr/2 [~({{1-v)/x3 + (3+v}/x)) -

S ———

radial component

+ >
- (=({1-v}/x3 }1-v)/x)}] i = 2PRE i.
A S ——
shear component

The relative contribution of the radial and shear com-
ponents can be shown for the special case where r = R,

In this case the force for fixed boundary is
->

F = PtR[-1 -1} i
radial shear
component

component
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and for the frictionless boundary
>

F=PtR[-2 -0] i .
 radial shear
component - component:-

In this example shear stress loading contributes zero
to 50% of the total load for the structure depending
on the boundary condition. This result demonstrates
the importance of including shear force loading meas-
urements in all but the simplest of loading situa-
tions (for example, loading perpendicular to one face
of a rectangular structure).

In the surface integral formulation {Z} is con-
tinuous along s. However, in practice {I} will be
determined only at a finite number of locations
around a structure with Equation (14) to be solved
numerically. The accuracy of the surface integral
method will thus depend directly on the accuracy of
load/stress measurements, the density of measurement
locations along s, and the interpolation scheme used
in integrating Equation (14) numerically. The density
of measurement locations needed to determine struc-
tural loading adequately can depend on a number of
factors including; the variability of the principal
direction of ice movement around a striicture, the
geometry of the structure, and the size of any in-
dependent failure zones across the structure, If
measurement sites are too widely spaced, then local
effects which may significantly affect the loading
could be missed, resulting in inaccurate load estim-
ations.

Two possible deployment schemes for sensors
would use the structure geometry to determine s
{Fig.2). The first deployment, along sy, consists
of attaching load sensors, sensitive to both normal
and shear loading, to a structure around its circum-
ference. A second deployment consists of placing
stress sensor arrays (an array is composed of three
sensors oriented so that the principal directions can
be determined) in the ice along sp (Fig.2). Either of
the deployment methods can be used to determine the
ice loads acting on the region interior to the sur-
face. If grounded ice rubble is in the vicinity of
the structure then only the first deployment method
will yield reasonable estimates of structural loads.
This is because locally grounded ice features can
influence the magnitude of load transmitted to a
structure {Kry 1978[al). The effect can be examined
by using both of the deployment methods described
above. Measurements from the instrumented surface si
along the ice/structure interface permit calculation
of the ice loading on the structure. A second instru-
mented surface s2, enclosing both the structure and
rubble field, provides data for calculation of the
ice loading on the structure/rubble-field system. The
Toad resistance and stress amplification character-
istics of the rubble can then be determined by
comparison.

SUMMARY AND CONCLUSIONS

Estimates of ice loads on structures have been
obtained by the use of mathematical analyses, small-
scale and prototype model tests, and load measure-
ments on full-scale structures. Measurements of ice
Toads on full-scale structures are needed to provide:
(1) data for comparison with the resuits of the
mathematical analyses and scale model tests, (2)
lower bound estimates for ice forces, (3) a database
of loading events, and (4) a means of examining the
influence of grounded ice features on structural ice
loads. Methods of obtaining the data include attach-
ing instruments to a structure to measure ice loads,
and measuring stress using sensors embedded in the
ice around a structure, Mathematical models describ-
ing ice/structure interaction ave used to interpret

E o e A
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the stress measurements and to calculate ice loads on
structures; no method has been described in the liter-
ature for interpreting load measurements. The advant-
age of using a wathematical model for interpreting
stress measurements is that only a few sensors are
needed to develop an estimate of ice loads.on struc-
tures. However, the usefulness of the interpretation
may be limited by the accuracy of the mathematical
description and the uncertainty of using local ice
stress measurements to calculate total ice forces,

A method of interpreting load and stress
measurements using surface integrals was described
in this paper. This uses the concept that the total
force acting on a structure can be determined by
summing the stress vectors acting on an imaginary
surface that encompasses the structure. Application
of the surface integral method requires that the
normal and shear components of load or stress be
known along the surface. This means that sensor
arrays, capable of resolving normal and shear 1loads,
must be placed along the surface. The spacing between
sensor arrays should be small enough so that local
stress or load changes due to the process of ice
failure around a structure can be detected. The
surface integral method is an attractive technique
for interpreting load and stress measurements since
a knowledge of the mechanisms of ice/structure inter-
action is not required. The primary disadvantage of
the technique is that a relatively large number of
sensors are needed to determine adequately the stress
tensor along the surface of interest.

The surface integral method can be used to exam-
ine the effects of a grounded rubble field on struc~
tural ice loading. One instrumented surface along an
ice/structure boundary would be used to determine the
load acting on the structure. A second instrumented
surface enclosing both the structure and rubble field
could then be used to estimate the load acting on the
combined structure/rubble-field system.
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